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S ince  W. G. Cady c a r r i e d  h i s  p iezo r e s o n a t o r  t o  aeven l a b o r a t o r i e s  
i n  England, France ,  I t a l y  and t h e  United S t a t e s  i n  1923, t h e  
primary method of c o o r d i n a t i n g  time between i n t e r n a t i o n a l  s t a t i o n s  
has  involved t h e  u s e  of t r a v e l i n g  c locks .  These were f i r s t  t r a n s -  
por ted  by s h i p  and t r a i n ,  more r e c e n t l y  by a i r c r a f t .  P r o j e c t  TEMPUS 
a l s o  r e q u i r e s  t r a v e l i n g  c l o c k s  but  t h e s e  w i l l  r evo lve  thousands of 
k i lomete r s  above t h e  e a r t h  i n  a r t i f i c i a l  s a t e l l i t e s .  
Severa l  methods of i n t e r n a t i o n a l  t ime t r a n s f e r  a r e  now a v a i l a b l e  
and a  comparison of v a r i o u s  concepts  de r ived  from d a t a  pub]-ished 
by t h e  European S a t e l l i t e  Agency i s  s h o m  below. 
Met hod Accuracy Remarks 
1 nsec Slow, expensive  
ground 
s t a t i o n s .  
Requires wide-band 
s a t e l l i t e  t r a n s -  
ponder w i t h  
s a t e l l i t e  v i s i b l e  
from a l l  s t a t i o n s .  
Slow, spasmodic, 
expensive . 
B e t t e r  c l o c k s  and 
o r b i t s  a r e  needed. 
Limited by propa- 
g a t i o n  phenomena. 
I n  a d d i t i o n  t o  t h e s e  sys tems,  ESA i s  scheduled t o  launch t h e  SIRlO 
1 i n  1979 and t h e  LASSO/SIR~O 2  experiment i n  1981. SIRlO 1 w i l l  
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employ microwave t r ~ n s p o n d e r  time synchron iza t ion  and L A S S O / S I R ~ ~  
2 w i l l  combine bo th  microwave and o p t i c a l  t r a c k i n g  c a p a b i l i t i e s  
s i n c e  i t  w i l l  c a r r y  l a s e r  r e t r o r e f l e c t o r s .  B a s i c a l l y ,  t h e  system 
w i l l  a l l o w  f o r  t h e  comparison of a ground s t a t i o n  t iming  s i g n a l  
w i t h  t h a t  of a  s a t e l l i t e  time r e f e r e n c e  c lock.  I t  w i l l  be a n  
e x c e l l e n t  demonstra t ion of s a t e l l i t e  c a p a b i l i t y  t o  synchronize  
t ime and a t  t h e  same t ime f u r n i s h  a  s o u r c e  of d a t a  f o r  t h e  s t u d y  
of a tmospher ic  p a t h  time de lay  e r r o r s  i n  t h e  e lec t romagne t i c  
frequency spectrum. The SIR10 s a t e l l i t e s  a r e  scheduled t o  be p laced  
i n  g e o s t a t i o n a r y  o r b i t s .  
S a t e l l i t e  experiments t o  provide  time s y n c h r o n i z a t i o n  began w i t h  
t h e  launch of Timation I1 i n  1969 by t h e  U.S. Naval Research 
Laboratory.  The Timation s e r i e s  were t h e  f o r e r u n n e r s  of t h e  p r e s e n t  
Navigation Technology S a t e l l i t e s  (NTS) which NRL i s  prov id ing  t o  
suppor t  t h e  NAVSTAR Global  P o s i t i o n i n g  System Program. F igure  ( 1 )  
i l l u s t r a t e s  t h e  method used. The s a t e l l i t e  c lock  i s  updated by t ime  
from t h e  U.S. Naval Observatory and i s  used t o  c o r r e c t  t h e  time 
of remote c locks .  The accalracy of t ime c l o s u r e  i s  s e n s i t i v e  t o  
e r r o r s  caused by unknowns i n  t h e  c lock d r i f t  and s a t e l l i t e  p o s i t i o n  
(ephemeris)  a s  w e l l  a s  r e f r a c t i v e  e r r o r s  i n  t h e  a tomospher ic  t r a n s -  
miss ion  path .  
Ry t h e  summer of 1978 t h e r e  was cons ide rab le  world-wide i n t e r e s t  
i n  t i m e  t r a n s f e r  by means of  s a t e l l i t e s ,  and s t a t i o n s  i n  England,  
France ,  Germany, Spain ,  Japan,  A u s t r a l i a  and Canada as w e l l  a s  
t h o s e  i n  t h e  U.S. were working w i t h  t h e  NTS s p a c e c r a f t s .  F igure  
( 2) shows t h e  e x t e n s i v e  network involved.  
During 1978 a n  experiment was conducted t o  compare t h e  r e s u l t s  of 
time t r a n s f e r  v i a  p o r t a b l e  c lock  w i t h  t h a t  achieved by t h e  u s e  of 
NTS t ime r e c e i v e r s .  A s  can be s e e n  from f i g u r e  ( 3 ) ,  t h e  agreement 
i n  a l l  cases  was w i t h i n  a  microsecond. 
I n  1973, t h e  NAVSTAR Global  P o s i t i o n i n g  System (GPS) program was 
e s t a b l i s h e d  by t h e  U.S. Department of Defense, and i t  combined 
NR1,'s Timation w i t h  t h e  U.S. A i r  Forces '  621R s a t e l l i t e  n a v i g a t i o n  
p r o j e c t .  This  a c t i o n  had a  c o n s i d e r a b l e  impact not  only on t h e  
development of n a v i g a t i o n  s a t e l l i t e s ,  bu t  a l s o  on t h e  f u t u r e  of 
s a t e l l i t e  t ime t r a n s f e r .  
S o l u t i o n  of t h e  nav iga t ion  equa t ion  by t h e  u s e  of s a t e l l i t e s  is  
i n e x t r i c a b l y  t i e d  t o  s a t e l l i t e  time t r a n s f e r  s i n c e  bo th  r e q u i r e  
t h e  same fundamental e l ements ;  e x c e l l e n t  c l o c k s  w i t h  h igh ly  pre- 
d i c t a b l e  d r i f t  and a c c u r a t e  knowledge of t h e  s a t e l l i t e  ephemeris. 
In  a d d i t i o n ,  i f  r e l i a b l e  con t inuous ly  a v a i l a b l e  world-wide t ime 
t r a n s c t r  i s  t o  be accomplished from space ,  a  m u l t i p l e  s a t e l l i t e  
system w i l l  be r e q u i r e d  f o r  it i s  on ly  by t h e  use  of a number of  
o r b i t i n g  s a t e l l i t e s ,  each having e x c e l l e n t  c locks  and w e l l  d e f i n e d  
o r b i t s ,  t h a t  a  dependable on-demand t ime t r a n s f e r  system can be 
deve loped.  
S i m i l a r  c h ~ r a c t e r i s t i c s  a r e  r equ i red  f o r  a  s a t e l l i t e  which can  be 
used i n  con junc t ion  w i t h  e i t h e r  l a s e r s  o r  e l ec t romagne t i c  r e c e i v e r s  
f o r  p r e c i s i o n  t r a c k i n g  purposes  such a s  t h e  de te rmina t ion  of e a r t h  
p l a t e  movements and t h e  ref inement  of our knowledge of t h e  r e l a -  
t i v i  t y  and g r a v i t a t i o n a l  c o n s t a n t s .  
Perhaps t h e  most obvious and p r a c t i c a l  s a t e l l i t e  c a n d i d a t e s  f o r  
such a  system a r e  a  s e l e c t e d  and modified v e r s i o n  of a  number of 
t h e  NAVSTAR GPS s p a c e c r a f t  which a r e  now i n  development. These 
w i l l  become o p e r a t i o n a l  w i t h i n  t h e  next decade. It is  not  
necessa ry  t h a t  a l l  of t h e s e  s p a c e c r a f t  be conf igured a s  TEMPUS 
s a t e l l i t e s .  The f u l l  NAVSTAR system w i l l  c o n t a i n  24 b i r d s  
ar ranged i n  t h r e e  p l a n e s ,  each a t  a n  i n c l i n a t i o n  of 45 degrees .  
They w i l l  be spaced i n  such a  manner t h a t  a t  l e a s t  f o u r  s a t e l l i t e s  
w i l l  be i n  view anywhere on t h e  g lobe  a t  a l l  t imes.  Each w i l l  
c a r r y  an updated ephemeris and f o u r  o r  more w i l l  p rov ide  u s e r s  
w i t h  t h e  elements of a  t h r e e  d imensional  n a v i g a t i o n  f i x  p l u s  a  
t ime update.  The f u l l  NAVSTAR c o n s t e l l a t i o n  i s  shown i n  f i g u r e  
( 4 ) .  The system w i l l  o r b i t  t h e  e a r t h  a t  17,300 k i l o m e t e r s ,  e a s i l y  
w i t h i n  l a s e r  range i f  adequa te  r e t r o r e f l e c t o r s  a r e  c a r r i e d .  
The t h r e e  d imensional  n a v i g a t i o n  accuracy a v a i l a b l e  from t h e  
NAVSTAR s a t e l l i t e s  w i l l  be ext remely h igh  by today ' s  s t a n d a r d s .  
I n i t i a l  t e s t s  a t  Yuma, Arizona,  conducted under c o n t r o l l e d  con- 
d i t i o n s ,  have r e p o r t e d  p o s i t i o n  f i x i n g  t o  b e t t e r  ~ h a n  1 0  mete r s .  
However, t h i s  accuracy i s  probably not  good enough f o r  many 
p r e c i s *  s c i e n t i f i c  r e s e a r c h  p r o j e c t s  i n  geodynamics and r e l a t i v i t y  
theory.  For t h e s e  and s i m i l a r  purposes a c c u r a c i e s  i n  t h e  c e n t i m e t e r  
range a r e  necessary .  
For  t h i s  reason i t  has  been i n t e r e s t i n g  t o  des ign  a TEMPUS package 
which, when added t o  a  s a t e l l i t e  s i m i l a r  t o  NAVSTAR would p rov ide  
a  p r e c i s i o n  s c i e n t i f i c  t o o l  cap-ble  of meeting t h e  s t r i n g e n t  
requirement of t h e  s c i e n t i f i c  community, whi le  a t  t h e  same time 
no t  i n t e r f e r i n g  w i t h  t h e  b a s i c  GPS o p e r a t i o n a l  mission.  Th i s  
package should be designed t o  have minimum impact upon t h e  b a s i c  
NAVSTAR c o n f i g u r a t i o n  and should  be a b l e  t o  f u n c t i o n  normally i n  
t h e  GPS o p e r a t i o n a l  c o n s t e l l a t i o n .  An i n i t i a l  e s t i r n ~ t e  of t h e  
number r e q u i r e d  t o  p rov ide  worldwide t ime synchron iza t ion  a s  w e l l  
as a  p r e c i s e  t o o l  f o r  r e s e a r c h  exper iments  needing such a  
c a p a b i l i t y  i s  two TEMPUS s a t e l l i t e s  i n  each p lane  f o r  a  t o t a l  of 
s i x .  P roper ly  spaced,  t h i s  number should  provide  a c o n s t e l l a t i o n  
of f o u r  i n  view f o r  a lmost  a l l  p a r t s  of t h e  world on a  p e r i o d i c  
b a s i s .  P roper ly  conf igured  t h e  TEMPUS package w i l l  d e f i n e  p o s i t i o n  
a c c u r a c i e s  i n  t h e  c e n t i m e t e r  range f o r  s t a t i o n a r y  l o c a t i o n s  
on t h e  e a r t h ' s  s u r f a c e  i n  a d d i t i o n  t o  i n t e r n a t i o n a l  t ime 
s y n c h r o n i z a t i o n  t o  about one nanosecond. 
I n  o r d e r  t o  provide  t h e  frequency s t a b i l i t y  necessa ry  f o r  such 
a c c u r a c i e s ,  t h e  TEMPIJS s a t e l l i t e  must take  advantage of a  navi-  
g a t i o n  package s i m i l a r  t o  t h a t  a l r e a d y  a v i l a b l e  i n  t h e  NAVSTAR 
system. Using t h e  NAVSTAR p r i n c i p l e ,  t h e  c lock i n  t h e  s a t e l l i t e  
i s  synchronized w i t h  t h a t  of t h e  use r .  The s a t e l l i t e s  s i g n a l  i s  
t ime coded t h u s  a l lowing  a c c u r a t e  measurement of t h e  d i s t a n c e  
from s a t e l l i t e  t o  obse rver .  I n  t h e  c a s e  of a  s t a t i o n  whose p o s i t i o n  
i s  known, t h e  s i g n a l  from one s a t e l l i t e  only i s  r e q u i r e d  t o  e f f e c t  
t ime  t r a n s f e r .  
It can be r e a d i l y  seen  t h a t  t h e  h e a ~ t  of such a  system i s  a n  
a c c u r a t e  and very  s t a b l e  c lock.  The f i r s t  c l o c k s  flown i n  Timat ions  
I and I1 were q u a r t z  and had s t a b i l i t i e s  af abou t  10"' p a r t s  p e r  
day. NTSiJ con ta ined  a  rubidium atomic c l o c k  vhose s t a b i l i t y  w a s  
about  10- p a r t s  p e r  day whi le  WTS-2, launched i n  June  1376,  had 
a  cesium s t a n d a r d  whose s t a b i l i t y  is  on t h e  o r d e r  of 10- NTS-3 
which i s  scheduled f o r  f l i g h t  i n  1982 and t h e  operations!. NAVSTAR 
system a r e  des igned t o  c o n t a i n  advanced ces'um o r  hydrogen maser 
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c l o c k s  whose s t a b i l i t y  should  approach 10 p e r  day. Accuracy of 
t h i s  o rde r  i s  r e q u i r e d  t o  p rov ide  i n t e r n a t i o n a l  nanosecond t ime 
synchron iza t ion  and p o s i t i o n i n g  i n  t h e  c e n t i m e t e r  range. F i g u r e  
( 5 )  i s  a  diagram of NTS-1 and f i g u r e  ( 5 )  shows NTS-2. The 
c o n f i g u r a t i o n  of NTS-3 w i l l  be q u i t e  simi;ar. 
To p rov ide  t h e  c a p a b i l i t i e s  d e s i r e d  f o r  t h e  TEMFUS s a t e l l i t e s ,  
more than t h e  MAVSTAR n a v i g a t i o n  package and a n  a c c u r a ~ c .  c.locl. i.s 
needed. For a d d i t i o n a l  p r e c i s e  t r a c k i n g ,  l a s e r  r e t r o - r e f l e c t o r s  
a r e  d e s i r a b l e .  These were c a r r i e d  on NTS-1 and a g a i n  on NTS-2 
which h a s  4 4  co rner  r e f l e c t o r s  on t h e  b o t t o n  of t h e  s a t e l '  I t e .  
These were successfv , l ly  t r acked  w i t h  the  Smithsonian As t rophys ica l  
O b s e r v a ~ o r y ' s  l a s e r  on M t .  Hopkins, Arizona. F igure  ( 7 )  shows a  
p i c t u r e  of t h e  l a s e r  co rner  r e f l e c t o r s  and f i g u r e  (8) i n d i c a t e s  
the  r e s u l t s  of t h e  Mt. Hopkins l a s e r  t r ac t . ing  experiment which 
produced e r rGrs  whose sigma was l e s s  than  two meters i n  t h i s  f i r s t  
a t t empt .  
I n  a d d i t i o n  t o  l a s e r  r e t r o r e f  l e c t o r s ,  t h e  TENPUS package should  
c o n t a i n  acce le romete r s  t o  mcasure e x t e r n a l  f o r c e s  on t h e  s a t e i l i t e  
S I I C ~  a s  s o l a r  p r e s s a r e  s i n c e  t h i s  i s  probably t h e  l a r p , e s t  s i n g l e  
s o u r c e  of ephemeris e r r o r .  An event  t jmer  should a l s o  be added t o  
record  s i g n i f i c a n t  happenings aboard t h e  spac.ecraf t. Recailse of 
t h c  development of very  long b a s e l i n e  i n t e r f e r o m e t r y  r e c e i v e r  
c a p a b i l i t y ,  i~nd t h e  measurement p r e c i s i o n  a v a i l a b l e  with t h i s  t n o l ,  
t h e  TEMPUS package should a l s o  provide a  s i g n a l  f o r  VLRI recep t ion .  
S ince  t h e  n a v i g a t i o n  package w i l l  a l r e a d y  be aboard t h e  NAVSTAR 
s a t e l l i t e s ,  t h e  modified TEMPUS s p a c e c r a f t s  should c o n t a i n  a t  l e a s t  
t h e  fo l lowing  e x t r a  u n i t s :  
o  Hydrogen mser /advanced  cesium c l o c k ,  
o  Lase r  r e t r o r e f l e c t o r s ,  
o  Accelerometers ,  
o  Event t i m e r ,  
o  VLRI t r a n s m i t t e r .  
A r e l a t i v e l y  s imple  TEMPUS parkage can be designed t o  provide  a l l  
t h e s e  components a t  r e l a t i v e l y  small c o s t  i n  weight ,  space  and 
power. I n  a d d i t i o n  t o  p rov id ing  mlch g r e a t e r  accuracy t h i s  package 
w i l l  a l s o  a l l o w  improved r e s o l u t i o n  of t h e  ephemeris e r r o r  budget 
components and t h u s  a b e t t e r  ephemeris p r e d i c t i o n  model. The NTS-3 
s a t e l l i t e  can p rov ide  a l l  t h e s e  c a p a b i l i t i e s .  S ince  t h i s  s a t e l l i t e  
i s  scheduled f o r  launch i n  1982, i t  w i l l  be an  e x c e l l e n t  p r o t o t y p e  
TEME'US s a t e l l i t e ,  p a r t i c u l a r l y  s i n c e  i t  i s  t o  a c t  a s  a  r e p l e n i s h -  
ment s p a c e c r a f t  i n  t h e  NAVSTAR c o n s t e l l a t i o n .  
Cost and t i m e s c a l e  in fo rmat ion  f o r  TEMPUS w i l l  depend upon r e q u i r e -  
ments and f u t u r e  world economic c o n d i t i o n s ,  however t h e  b a s i c  
technology i s  c u r r e n t l y  a v a i l a b l e  and w i l l  be t e s t e d  i n  NTS-3. By 
t h e  1982 timeframe t h e  space  s h u t t l e  should g r e a t l y  reduce launch 
c o s t s .  
I t  should  be emphasized t h a t  t h e  development of a  t ime synchro- 
n i z a t i o n  and p r e c i s i o n  t r a c k i n g  s a t e l l i t e  package such a s  TEMPUS 
f o r  i n s t a l l a t i o n  aboard s e l e c t e d  NAVSTAR s a t e l l i t e s  o r  some o t h e r  
system w i t h  s i m i l a r  c h a r a c t e r i s t i c s  should  be a  t r u l y  i n t e r n a t i o n a l  
program w i t h  t h e  p a r t i c i p a t i o n  of many c o u n t r i e s  i f  we a r e  t o  
d e r i v e  maximum s c i e n t i f i c  r e s e a r c h  b e n e f i t s  from i t s  use. 
I f  t h e  need f o r  such  a  c a p a b i l i t y  i n  space  i s  v i s u a l i z e d  f o r  t h e  
pe r iod  beginning i n  1983, now i s  t h e  time t o  begin  t h e  planning.  
It is  suggested t h a t  t h o s e  s c i e n t i f i c  groups who f o r e s e e  a  r e q u i r e -  
ment f o r  such a  p r e c i s e  time synchron iza t ion  and t r a c k i n g  system 
t a k e  t h e  l e a d  i n  e s t a b l i s h i n g  t h e  system parameters.  
NAVSTAR GPS 
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PORTABLE CLOCK CLOSURES 
VS 
NTS TI= TRANSFER RESULTS 
STATION DAY PORTABLE CLOCK 
( 1 9 7 8 )  NTS TIME TRANSFER 
- -- (us 
CERGA 1 1 7  .70 
DNM 282 .09 
NBS 2 2 1 .19 
NRLM 299 -.53 
RGO 1 1 5  .44 
RRL 30 3 . 1 3  
Figure 3 
FULL CAPABILITY 
24 SATE LLlTES (MID 1980's) 
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QUESTIONS AND ANSWERS 
DR. GERNOT F. R. WINKLER, U.S. Naval Observatory: 
I t h i n k  I am very much i n  agreement w i t h  the ove ra l l  concept. How- 
ever, I t h i n k  t h a t  your t im ing  est imate i s  conservat ive a t  l e a s t  by 
a  f a c t o r  o f  10. 
Laser ranging, two-way ranging, i f  i t i s  executed from two sta- 
t i o n s  w i t h i n  shor t  i n te rva l s ,  does no t  r e a l l y  requ i re  a  great  sta- 
b i l i t y  o f  the clock; and the experiments a t  the  Un ive rs i t y  o f  
Maryland and o f  the  lunar  l ase r  ranging and others, the NASA experi-  
ments w i t h  the geodetic s a t e l l i t e s ,  have ind ica ted  t h a t  nanosecond 
and f r a c t i o n a l  nanosecond t ime prec is ions  can be expected. 
So I t h i n k  you probably are t a l k i n g  about a  c a p a b i l i t y  which 
w i l l  be as far-reaching and o f  as h igh  p rec i s ion  as we can envis ion 
can poss ib ly  be used by anyone, and w i l l  be ava i l ab le  dur ing the  
foreseeable fu tu re .  And t h i s  makes, o f  course, such a  proposal very 
i n te res t i ng .  
I do not  f e e l  t h a t  the  c o n s t e l l a t i o n  may be necessary, bu t  cer- 
t a i n l y  more than one, because we have seen from past  experience the 
fa1 lacy  o f  designing expensive experiments around a  s ing le  sa te l -  
l i t e .  I t h i n k  t h a t  !s a  very f a l l a c i o u s  approach. 
However, the  one which you have recommended i s ,  o f  course, go- 
i n g  around tha t .  I t h i n k  the whole t h i n g  makes very much sense, and 
I would l i k e  t o  express my hope t h a t  such a  t h i n g  can be promoted. 
Thank you. 
DR. HELMUT HELLWIG, National Bureau o f  Standards: 
I would l i k e  t o  add a question. As most o f  you know, there i s  a lso  
a  Eb,<opean Space Agency proposal on a  r e l a t e d  package c a l l e d  the 
LASSO experiment. I s  there i n te rna t i ona l  coord ina t ion  between t h a t  
and TEMPUS? 
MR. HOLMES: 
I t h i n k  there are probably other  people whs probably know more about 
t h a t  experiment than I do. My understanding i s  t h a t  i t  i s  a s ing le  
shot which i s  piggyback, I bel ieve,  aboard an I t a l i a n  s a t e l l i t e .  I t  
has a  useful l i f e t i m e  o f  on the order o f  f i v e  months; i s  t.hat r i g h t ,  
Dr. Winkler? 
DR. WINKLER: 
No. The usefu l  l i f e  i s  much longer. However, the a v a i l a b i l i t y  f o r  
the Western Hemisphere i s  only  f i v e  months because i t  w i i  1  be re -  
scheduled t o  go somewhere around longi tude zero, o r  even +15O, and 
i t  w i l l  no t  be ava i l ab le  t o  us any more. And i n  add i t ion ,  i t  i s  a  
very expensive one t o  instrument and i t  i s  a s ing le  one. And the 
object ions and questions I have ind ica ted  before apply here very 
much. 
DR. HELLWIG: 
It i s  on a synchronous s a t e l l i t e .  But as I understand the Europea~; 
people, although what you say i s  t rue,  they p lan  f o r  the f u t u r e  t o  
p u t  the package on other  vehicles which are no t  necessar i ly  j u s t  f o r  
the  European sphere. It remains t o  be seen. 
